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A B S T R A C T   

The drop time of control rod is essential for safety analysis of nuclear power plant. The motion of control rod can 
be characterized by an annular gap flow with large blockage ratio. In this study, we studied the effects of the 
eccentricity between the control rod and the guide tube on the annular gap flow, and further on the drop time. By 
considering the added mass and the upward flow of fluid in the annular gap, we developed a theoretical model 
for computing the drop time of eccentric rod. In the proposed model, particularly, the annular gap flow velocity 
was obtained from full-scale computational fluid simulations with respect to blockage ratio and eccentricity. The 
simulation and experiment results agree well on the drop time, the histories of velocity and acceleration, and the 
hydrodynamic characteristics. Results show that the drop time increases drastically when blockage ratio α in
creases from 0.83 to 0.91, and the eccentricity effect on drop time is negligible when the blockage ratio is small 
(e.g., α < 0.83). Nevertheless, for large blockage ratio (α ≥ 0.83), the drop time increases significantly for 
eccentric rod drop, especially for a lighter control rod. The present study provides a general method for analysis 
of control rod drop, which is critical for the nuclear reactor design.   

1. Introduction 

In the nuclear reactor, the control rod can quickly control the ab
sorption of neutron to achieve reactor startup, power regulation, power 
maintenance, and safe shutdown under normal and accident conditions 
(Yoon et al., 2009). Dropping in a guide tube with annular gap flow 
(Andriambololona et al., 2007), the control rod drive mechanism 
(CRDM) is required to move slowly to ensure the safety of the reactor 
under normal working conditions; while in the accident condition (e.g., 
seismic or loss of coolant), the CRDM has to be quickly inserted into the 
core to protect the reactor (Wang et al., 2003; Huang et al., 2018; Cheng 
et al., 2020). Therefore, drop time is one crucial parameter for the design 
of the CRDM. It should be mentioned that if the drop time of the CRDM is 
considered without other matters, it is generally expected to be as short 
as possible (Cheng et al., 2020). However, the reduction of drop time 
will lead to a higher speed and a great impact on the fuel assembly, a 
buffer spring can display a buffer role when the CRDM is about to 
approach the bottom of the guide tube. 

Numerous researches have studied the dynamics of CRDM on various 

accident conditions theoretically, experimentally and numerically. In an 
early study by Donis and Goller (1972), a mathematical model for the 
single control rod was proposed for the accident analysis in a pressurized 
water reactor (PWR, Generation-II), however this work neglected the 
added mass effect, and the hydraulic drag coefficient is uncertain. In 
another study, Taliyan et al. (1994) presented a theoretical model of the 
shut-off rod drop in a Pressurized Heavy Water Reactor (PHWR, 
Generation-II) and verified experimentally. Based on fluid mechanics 
and boundary layer theory, Yu et al. (2001) discussed the effect of fluid 
viscous drag and pressure drag during the drop process. With the steady 
development of new nuclear reactors, using a sodium cooled fast reactor 
(SFR, Generation-IV) as the research object, Rajan Babu et al. (2014) 
presented the salient features of the safety rod and its mechanism, 
further, the sensitivity analysis of parameters was also conducted. Lin 
et al. (2017) proposed a model for the control rod drop in a thorium- 
based molten salt reactor (TMSR, Generation-IV) and verified that the 
drop time in the molten salt is satisfied with the limiting drop time. 
Recently, Arthur et al. (2020) carried out a control rod drop analysis for 
a lead-based fast reactor (LFR, Generation-IV) with a high-power density 
and high boiling point, they obtained the nonlinear differential 

* Corresponding author at: LNM, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, PR China. 
E-mail address: xiaomingliu@imech.ac.cn (X. Liu).   

1 Jun Liu and Luyao He contributed equally to this work. 

Contents lists available at ScienceDirect 

Nuclear Engineering and Design 

journal homepage: www.elsevier.com/locate/nucengdes 

https://doi.org/10.1016/j.nucengdes.2023.112744 
Received 26 July 2023; Received in revised form 29 October 2023; Accepted 3 November 2023   

mailto:xiaomingliu@imech.ac.cn
www.sciencedirect.com/science/journal/00295493
https://www.elsevier.com/locate/nucengdes
https://doi.org/10.1016/j.nucengdes.2023.112744
https://doi.org/10.1016/j.nucengdes.2023.112744
https://doi.org/10.1016/j.nucengdes.2023.112744
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nucengdes.2023.112744&domain=pdf


Nuclear Engineering and Design 415 (2023) 112744

2

equations of the control rod drop and Lead Bismuth Eutectic (LBE) flow, 
then the influence of physical parameters on rod drop time was 
investigated. 

In experimental studies, Bo et al. (2000), Bo et al. (2002) developed a 
hydraulic CRDM for the nuclear heating reactor (NHR-200) and 
demonstrate its performance experimentally on an experimental loop in 
Institute of Nuclear Energy Technology (INET) of Tsinghua University. 
Subsequently, the full-scale assembly of prototype control rod of Fast 
Breeder Reactor (FBR) construction at Kalpakkam, India has been tested 
in Test Vessel-1 (TV-1) of Large Component Test Rig (LCTR) in air, argon 
and in sodium for their fail-safe operation by Rajan Babu et al. (2010). In 
Korea, the prototype generation IV sodium-cooled fast reactor (PGSFR), 
for which construction is projected to occur by 2028, has been under 
development since 2012 according to a long-term plan; the drop per
formance tests of the conceptually designed control rod and the modi
fied control rod are currently being conducted by Kim et al. (2016), Lee 
et al. (2017) and Son et al. (2019). 

Additionally, several studies have been done to study the drop of the 
control rod using the computational fluid dynamics (CFD) approach 
(Yoon et al., 2009; Singh et al., 2014; Rabiee and Atf, 2016; Huang et al., 
2018; Cheng et al., 2020). Yoon et al. (2009) studied the fluid–structure 
interaction (FSI) during a PWR control rod drop by finite element 
analysis. Rabiee and Atf (2016) simulated the unsteady flow field 

around the control rod inside the guide tube in the control rod drop 
accident with layering dynamic mesh strategy for a PWR. Cheng et al. 
(2020) established a three-dimensional numerical simulation of the 
control rod in a low-temperature heating reactor using dynamic meshing 
technology and the behavior of dropping the control rod was obtained. 

The above investigations all focused on the drop of a concentrically 
located control rod. However, eccentricity of the control rod positioned 
in the guide tube is inevitable due to the manufacturing and assembling 
errors, structural deformations (Mateescu et al., 1994), etc. The presence 
of eccentricity in annular configurations adds considerably to the 
complexity of the problem and has been only scarcely investigated. 
Thus, in the present study, we aimed at exploring the eccentricity effect 
on control rod drop. 

In this study, we proposed a theoretical model for the drop time of 
eccentric rod considering added mass and the annular gap flow of fluid. 
The upward annular gap flow velocity under large blockage ratio and 
large eccentricity is determined by full-scale simulations. For validation, 
we designed an experimental device to realize the annular gap flow 
during the eccentric rod drop. Finally, we investigated analytically the 
eccentricity effect on the control rod drop time, velocity, acceleration, 
and the hydrodynamic characteristics. 

Nomenclature 

a accelerations of control rod drop 
Area cross-sectional area of control rod 
c(x, t) volume fraction field 
CD drag coefficient 
Ci laminar flow geometric parameters for non-circular pipes 
Ci0 laminar flow geometric parameters for circular pipes 
Ct turbulent geometric parameter for non-circular pipes 
Ct0 turbulent geometric parameter of a circular pipe 
DE equivalent diameter of annular channel 
f dimensionless viscous friction coefficient 
fσ surface tension force 
F sum of the buoyancy, fluid inertia force, viscous friction 

drag, and pressure drag 
F source term for the momentum equation 
Fa inertial force of the fluid 
FB buoyant force acting on the control rod 
Ff viscous frictional frag 
Fp pressure drag 
g gravitational acceleration 
G gravity of the control rod 
k added mass coefficient 
l contact length between control rod and fluid 
L length of the control rod 
m total mass of the control rod 
m’ the added mass 
r outer diameter of the control rod 
R inner diameter of the guide tube 
Re Reynolds number 
Sϕ the source term of ϕ 
t drop time 
u velocity vector 
ug speed of grid motion 
v relative velocity between the control rod and the fluid flow 
vw upward annular gap flow velocity of fluid 
Va average flow velocity of the cross-section of the annular 

gap 
VB volume of control rod immersed in fluid 

y control rod drop displacement 

Greek symbols 
α ratio of the outer diameter of the control rod to the inner 

diameter of the guide tube 
β nondimensional eccentricity 
γ correction coefficient for annular gap flow velocity 
δ absolute eccentricity between the control rod and the 

guide tube 
μ dynamic viscosity 
μ1 dynamic viscosity of water 
μ2 dynamic viscosity of air 
ν kinematic viscosity of fluid 
ρ density of the fluid 
ρ1 density of water 
ρ2 density of air 
ϕ general scalar quantity 
Γ diffusion coefficient 

Acronyms 
CFD computational fluid dynamics 
CRDM control rod drive mechanism 
FBR Fast Breeder Reactor 
FSI fluid-structure interaction 
FVM finite volume method 
INET Institute of Nuclear Energy Technology 
LBE Lead Bismuth Eutectic 
LCTR Large Component Test Rig 
LFR lead-based fast reactor 
NHR nuclear heating reactor 
PGSFR prototype generation IV sodium-cooled fast reactor 
PHWR Pressurized Heavy Water Reactor 
PWR pressurized water reactor 
SFR sodium cooled fast reactor 
SIMPLE Semi-Implicit Method for Pressure Linked Equations 
TMSR thorium-based molten salt reactor 
TV Test Vessel 
VOF volume of fluid  
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2. Theoretical model of eccentric rod drop 

In different cases of control rod, the CRDM has various forms of flow 
channels. In this study, we mainly focused on the rod drop state of water 
reactor control rods, and a single channel was considered. The single 
channel means that the fluid has only one flow channel, which is the 
annular channel of control rod and guide tube (Zhao et al., 2022). With 
the drop of the control rod, a portion of the fluid flows upwards through 
the annular gap, forming a gap jet flow. 

Fig. 1 shows a schematic of the eccentric rod drop. The blockage 
ratio, α, is defined as the ratio of the outer diameter of the control rod (r) 
to the inner diameter of the guide tube (R), i.e., α = r/R. The absolute 
eccentricity between the control rod and the guide tube is denoted with 
δ. The non-dimensional eccentricity, β, is defined as the ratio of the 
absolute eccentricity (δ) to the diameter difference of guide tube and 
control rod (R-r), i.e., β = δ/(R-r). When δ or β is equal to zero, the 
problem is corresponding to concentric rod drop. 

2.1. Governing equation of eccentric rod drop 

When the control rod drops in a viscous fluid, the forces acting on the 
control rod are gravity, buoyancy, fluid forces caused by added mass, 
viscous friction drag, and pressure drag. The motion of the control rod is 
thus governed by the equation of motion: 

G − FB − Fa − Ff − Fp = m
d2y
dt2 (1)  

in which G is the gravity of the control rod, FB is the buoyant force acting 
on the control rod, Fa is the inertial force of the fluid, Ff is the viscous 
frictional frag, Fp is the pressure drag, m is the total mass of the control 
rod, y is the control rod drop displacement, and t is the drop time. 

2.2. Force analysis  

(1) Gravity 

Gravity is the force exerted on the control rod by the attraction of the 
earth, which is proportional to the acceleration of gravity, i.e. 

G = mg (2)  

in which g is the gravitational acceleration.  

(2) Buoyancy 

Buoyancy is caused by the difference in hydrostatic pressure on the 
surface of an object immersed in a fluid: 

FB = ρVBg (3)  

in which ρ is the density of the fluid (ρ ≈ 998 kg/m3 for the water at 
20℃), VB is the volume of control rod immersed in fluid and can be 
calculated as follows: 

VB = yArea (4)  

in which Area is the cross-sectional area of control rod, i.e., Area = πr2.  

(3) Fluid inertia force 

When the control rod drops in an unsteady state in the fluid, the 
inertial force exerted by the fluid on the control rod is equivalent to the 
inertial force generated by a mass attached to the mass of the control rod 
(Chen, 1975), i.e. 

Fa = m′d2y
dt2 (5)  

in which m’ is the added mass. It should be noted that the direction of the 
inertial force of the fluid is opposite to the direction of the control rod’s 
acceleration. The added mass can usually be expressed in the following 
form (Chen, 1975): 

m′ = kρVB (6)  

in which k is the added mass coefficient. The added mass coefficient is 

Fig. 1. Schematic diagram of eccentric rod drop. The area shaded with green color represents the fluid domain.  
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generally taken as 1.0 for infinite domain fluids. But for an annular gap 
flow with outer diameter R and inner diameter r, the added mass coef
ficient k is related to blockage ratio α. Based on the two-dimensional 
potential flow theory, Chung and Chen (1977) presented an analytical 
method for evaluating the hydrodynamic masses of a group of circular 
cylinders immersed in a fluid contained in a cylinder. For a concentri
cally located control rod, the added mass can be calculated by the 
following formula (Yu et al., 2001): 

k =
R2 + r2

R2 − r2 =
1 + α2

1 − α2 (7) 

When R ≫ r, the blockage ratio α is approaching to zero, which 
corresponds to an infinite domain fluid, and thus k = 1.0. It can also be 
seen from Eq. (7) that the added mass coefficient increases with the 
increase of blockage ratio. Fig. 2 gives the variation of added mass co
efficient with blockage ratio for a concentrically located control rod. 

The added mass coefficient k is also related to the eccentricity β for 
an eccentrically positioned control rod. Fig. 3 shows the variations of 
added mass coefficient with eccentricity for two values of blockage ratio 
α equals to 0.50 and 0.91 (Chung and Chen, 1977), respectively. As 
indicated by Fig. 3, the added mass coefficient increases with the in
crease of eccentricity, and the added mass coefficient at the eccentricity 
of 1.0 is about twice that of at the center alignment state. For eccen
tricity β > 0.91, Gibert (1988) gave an explicit expression of added mass 
coefficient k.  

(4) Viscous friction drag 

The wall viscous friction drag of control rod in annular channel is 
caused by the boundary layer effect of viscous fluid, i.e., the shear stress 
acting on the wetted surface. Usually, when calculating the friction drag 
in an annular channel, the friction drag formula in the circular tube can 
be adopted, but the equivalent diameter of the annular channel is used 
to replace the diameter of the circular tube in the friction resistance 
calculation formula (Zhou et al., 2013; Rajan Babu et al., 2014). Thus, 
the viscous friction drag acting on the control rod can be calculated with 
(Zhou et al., 2013): 

Ff = f
l

DE

1
2

ρv2Area (8)  

in which f is the dimensionless viscous friction coefficient; l is the con
tact length between control rod and fluid, it is equal to the control rod 
drop displacement y in this study; DE is the equivalent diameter of 
annular channel; v is the relative velocity between the control rod and 
the fluid flow. 

The equivalent diameter DE can be calculated by the following 
formula: 

DE = R − r (9) 

The dimensionless viscous friction coefficient f is related to param
eters such as Reynolds number and wall roughness. For laminar flow, f 
can be calculated by the following formula: 

f =
64
Re

(10)  

and for turbulent flow, f can be calculated with (Wang et al., 1994): 

f = CtRe− 0.25 (11)  

Ct/Ct0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

0.0154
Ci

Ci0
− 0.0123

√

+ 0.85 (12)  

in which Ct0 is the turbulent geometric parameter of a circular pipe, Ct0 
= 0.3164 in hydraulically smooth areas; Ct is the turbulent geometric 
parameter for non-circular pipes; Ci and Ci0 are laminar flow geometric 
parameters for non-circular and circular pipes, respectively. In this 
study, Ct can be taken as 0.3395 according to the size ratio of the actual 
control rod drive line. 

Re is the Reynolds number and defined as follows: 

Re =
vDE

ν (13)  

in which ν is the kinematic viscosity of fluid (ν ≈ 1.003×10− 6 m2/s for 
the water at 20℃). 

The relative velocity v between the control rod and the fluid is the 
velocity at which the control rod drops plus the velocity at which the 

Fig. 2. Added mass coefficient as function of blockage ratio for concentrically 
located control rod. 

Fig. 3. Added mass coefficient as function of eccentricity for blockage ratio α 
= 0.50 and 0.91. 

Table 1 
Theoretical calculation conditions.   

β = 0 β = 1.0 

α = 0.50 (r = 50 mm, R = 100 mm) Case 1 Case 2 
α = 0.67 (r = 50 mm, R = 75 mm) Case 3 Case 4 
α = 0.83 (r = 50 mm, R = 60 mm) Case 5 Case 6 
α = 0.91 (r = 50 mm, R = 55 mm) Case 7 Case 8  
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fluid flows upward, i.e. 

v =
dy
dt

+ vw (14)  

in which vw is the upward annular gap flow velocity of fluid. 
The theoretical analysis of vw is difficult for extreme operating con

ditions such as large blockage ratio and large eccentricity, thus, it is 
needed to perform the inverse calculation by combining the CFD 
simulation results and the physical model experiment results. In the 
present study, we can first calculate an average velocity of upward flow 
of the fluid through flow conservation, and then divide it by a coefficient 
to correct it: 

vw =
1
γ
Va (15)  

where 

Va =
r2

R2 − r2
dy
dt

(16)  

is the average flow velocity of the cross-section of the annular gap, and γ 
is the correction coefficient for annular gap flow velocity. Here, we 
determine γ via the CFD simulations and the experimental results.  

(5) Pressure drag 

Pressure drag is caused by the flow separation at the trailing edge of 
the control rod due to the existence of viscosity and the pressure at the 
tail to be lower than that at the head (i.e., the dynamic differential 
pressure), which can be calculated by the following formula (Zhou et al., 
2013): 

Fp = CD
1
2

ρv2Area (17)  

in which CD is the drag coefficient and it is related to parameters such as 
the Reynolds number and the length-to-diameter ratio of the control rod. 

When Re ≪ 1, CD can be calculated according to the Stokes theo
retical solution under small Reynolds number flow conditions, while, for 
103< Re <105, CD is independent of Reynolds number and remains 
basically constant, i.e. 

CD =

⎧
⎪⎨

⎪⎩

64
Re

for Re << 1

1.2 for 103 < Re < 105
(18) 

The final governing equation of eccentric rod drop can be obtained 
by substituting the above force components into Eq. (1): 

mg − ρyAreag − m′d2y
dt2 − f

y
DE

1
2

ρ
(

dy
dt

+ vw

)2

Area − CD
1
2

ρ
(

dy
dt

+ vw

)2

Area

= m
d2y
dt2

(19)  

with the initial conditions: 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

dy
dt

⃒
⃒
⃒
⃒

t=0
= 0

d2y
dt2

⃒
⃒
⃒
⃒

t=0
= g

(20) 

The displacement time histories, the velocities, accelerations, and 
hydrodynamic characteristics of the control rod can be obtained by 
solving the above second-order variable coefficient nonlinear ordinary 
differential equation. When ground excitation and the deformation of 
the control rod have to be considered, the contact and friction between 
the control rod and the guide tube should be added to the theoretical 
model to meet the requirements of different control rod drop states. 

Fig. 4. Snapshot picture of experimental set-up.  
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2.3. Theoretical calculation conditions 

As shown in Table 1, the diameter of the control rod r = 50 mm, the 
blockage ratio α is adjusted by varying the diameter of the guide tubes. 

In this study, R = 100 mm, 75 mm, 60 mm, and 55 mm, and the cor
responding blockage ratios are equal to 0.50, 0.67, 0.83, and 0.91 
respectively. The eccentricity β = 0 and 1.0 in this study. 

The length of the control rod L is 1.60 m, and the height of the guide 

Fig. 5. Computational domain: (a) schematic of three-dimensional computational domain; (b) schematic of cross-section computational domain showing bound
ary conditions. 

Fig. 6. Overall view of the computational domain with structured hexahedral grids.  
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tube is 1.25 m. The guide tube was filled with water. At the initial state, 
the bottom of the control rod is in contact with the free surface of the 
water in the guide tube, so that the drop height was approximately 1.25 
m. 

3. Physical model experiment of eccentric rod drop 

3.1. Experimental set-up 

In this study, we designed an experimental device to realize the 
annular gap flow with adjustable eccentricity, as shown in Fig. 4. The 
experimental device was installed vertically on the self-leveling epoxy 
floor and checked with a level bar. The guide tube was rigidly connected 
onto the baseboard. A pair of air-bearings was installed in the middle of 
the device to ensure that the control rod was parallelly aligned with the 
guide tube, and the lateral displacement of the control rod was limited 
due to the small air gap (4 μm). The air-bearings also provides load- 
carrying capability to avoid possible physical contact between the 
control and the outer-sleeves of the air-bearings, so the mechanical 
friction force can be ignored. 

The blockage ratio was adjusted by varying the diameter of the guide 
tube. The eccentricity between the control rod and the guide tube was 
adjusted by adjusting the lateral position of the guide tube through the 
slide at the bottom. At the top of the device, an electric clamping and 
releasing device was used to release the control rod. The length of the 
control rod L is 1.60 m, the height h of the guide tube is 1.28 m, and a 
0.03 m thick cushion block is placed at the bottom for buffering, so that 
the drop height was also approximately 1.25 m. 

3.2. Experimental methods and conditions 

First, adjusting the blockage ratio and eccentricity by replacing the 
guide tubes with different diameter, then fill the guide tube with water, 
and release the control rod trough the electric clamping and releasing 
device. The displacement time histories of the control rod drop were 
recorded synchronously by a draw-wire displacement sensor (see Fig. 4) 
with a resolution of 0.3 mm, and the sampling rate was 1000 Hz. The 
errors of the experimental data should include the random errors from 
random factors in measurement, and the bias errors from measurement 
instrument accuracy, operating procedures, operating methods and etc. 
It should be noted that in order to ensure the reliability of experimental 
data, at least one repeated experiment was conducted for each experi
mental condition to verify the stability of the measurement results and 
eliminate the interference of random errors, the bias errors were mini
mized by the high-precision displacement sensor. 

The test conditions are the same with that of theoretical calculation, 
i.e., blockage ratio α = 0.50, 0.67, 0.83, and 0.91 (r = 50 mm, R = 100 
mm, 75 mm, 60 mm, and 55 mm), eccentricity β = 0, 1.0. Two kinds of 
control rods were used in the experiment to investigate the influence of 
the weight of the control rod: stainless steel rod and acrylic rod, with 

Table 2 
Models for mesh dependency check.  

Mesh Sizes (mm) Nodes Meshes 

M1  6.0 304,123 267,100 
M2  5.0 369,302 324,800 
M3  4.0 456,645 401,500 
M4  2.0 911,727 802,500  

Fig. 7. Displacement time histories for acrylic rod with four different grid sizes: 
α = 0.50, β = 0. 

Table 3 
CFD simulation conditions.   

β = 0 β = 0.9  

α = 0.50 Case 9 Case 10  
α = 0.67 Case11 Case 12  
α = 0.83 Case 13 Case 14  
α = 0.91 Case 15 Case 16  

Fig. 8. Comparisons of displacement time history between CFD simulations and experiments for acrylic rod: (a) α = 0.50, β = 0; (b) α = 0.50, eccentric state.  
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Fig. 9. Comparisons of displacement time history among theoretical calculations, experiments and CFD simulations for acrylic rod: (a) α = 0.50, β = 0; (b) α = 0.50, 
eccentric state; (c) α = 0.67, β = 0; (d) α = 0.67, eccentric state; (e) α = 0.83, β = 0; (f) α = 0.83, eccentric state; (g) α = 0.91, β = 0; (h) α = 0.91, eccentric state. 
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densities being 7800 kg/m3 (m = 24.5 kg) and 1200 kg/m3 (m = 3.8 kg), 
respectively. 

4. CFD simulation 

4.1. Mathematical formulations 

As the problem considered in this study involves gas–liquid interfa
cial flow with moving boundaries, the volume of fluid (VOF) method 
and dynamic mesh technique are used to conduct numerical simulations 
with the commercial CFD software, ANSYS Fluent (ANSYS Inc., 2022).  

(1) Conservation equations for fluid flow. 

Incompressible, variable-density, Navier-Stokes equations with 
gravity and interfacial tension are given by (ANSYS Inc., 2022): 

∇⋅u = 0 (21)  

∂
∂t
(ρu)+∇⋅(ρuu) = − ∇p+∇⋅[μ(∇u +∇uT)]+F (22)  

∂tρ+∇⋅(ρu) = 0 (23)  

in which ρ represents the density of fluid, u represents the velocity 
vector, μ is the dynamic viscosity, F is the source term for the momentum 
equation. F is given by: 

F = ρg+ f σ (24)  

in which f σ is the surface tension force. 
In this study, the two fluids, water and air, are named fluids 1 and 2, 

respectively. In the VOF method, a volume fraction field c(x, t) is used to 
capture the air-water interface. The density and viscosity of the mixture 
obey the mixing rule: 

Fig. 9. (continued). 

Table 4 
Velocity correction coefficient γ for annular gap flow.   

β = 0 β = 1.0  

α = 0.50  1.0  1.0  
α = 0.67  1.3  1.3  
α = 0.83  1.7  1.3  
α = 0.91  2.1  1.55  

Fig. 10. Comparisons the hydrodynamic characteristic of control rod between theoretical calculations and CFD simulations for acrylic rod: (a) α = 0.50, β = 0; (b) α 
= 0.50, eccentric state; (c) α = 0.67, β = 0; (d) α = 0.67, eccentric state; (e) α = 0.83, β = 0; (f) α = 0.83, eccentric state; (g) α = 0.91, β = 0; (h) α = 0.91, 
eccentric state. 
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ρ(c) = cρ1 +(1 − c)ρ2 (25)  

μ(c) = cμ1 +(1 − c)μ2 (26)  

in which ρ1, ρ2 and μ1, μ2 being the densities and dynamic viscosities of 
water and air, respectively. c represents the volume fraction of water. 

Thus, Eq. (22) can then be replaced with an equivalent advection 
equation for c. 

∂tc+∇⋅(cu) = 0 (27)    

(2) Dynamic mesh flow field equation. 

Fig. 10. (continued). 
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Dynamic mesh technique based on layering is used to investigate the 
unsteady flow fields involving moving boundaries and objects, and it has 
been proofed to be an efficient tool in simulating the flow fields 
accompanied by an accelerating control rod (Rabiee and Atf, 2016; 
Cheng et al., 2020). 

The partial differential form of the transport equation of the general 
scalar in the dynamic mesh can be established as follows: 

∂
∂t
(ρϕ)+

∂
∂x

[ρϕ(u − ug)] =
∂
∂x

(Γ
∂ϕ
∂x

)+ Sϕ (28)  

in which ϕ is the general scalar quantity, ug is the speed of grid motion, Γ 
is the diffusion coefficient, Sϕ is the source term of ϕ (ANSYS Inc., 2022). 

4.2. Grid settings 

As schematically shown in Fig. 5 in both 3D and cross-sectional 
views, the whole computational domain includes the geometry of the 
guide tube and a cylinder whose diameter is larger than the guide tube 
(see Fig. 5(a)). At the same time, the volume of the control rod is sub
tracted from the domain. The cylinder represents the space outside the 
guide tube, while a small diameter is used to reduce the numerical cost. 

Boundaries of the guide tube and control rod are set as walls. 
Boundaries of the cylinder are set as pressure-outlet except for the area 
connected to the boundary of the guide tube. 

To simulate the motion of the control rod, the whole computational 
domain is divided into two subdomains by a cylindrical surface with a 
diameter larger than the control rod and smaller than the guide tube (see 
Fig. 5(b)). The outer part is the static mesh domain, and the inner part is 
the dynamic mesh domain with the boundaries of the control rod. The 
information exchange between the two domains takes place through the 
interface. 

As the motion of the control rod only along the axial direction, the 
dynamic mesh domain is restricted to moving only in the axial direction. 
During the movement of the dynamic mesh domain, only the two layers 
of meshes at its two ends are dynamically changed by the layering 
method through splitting and collapse operations to control the gener
ation and disappearance of the mesh layers, respectively, while keeping 
the positions of the end boundaries of the dynamic mesh domain fixed. 
The default settings for mesh splitting and collapsing are 0.40 and 0.20, 
respectively. That is, if the size of the mesh on the moving boundary is 
larger than 1.40 times the original mesh size, it will be split into two new 
meshes. Conversely, if the size of the mesh on the moving boundary is 
smaller than 0.20 times the basic mesh size, two meshes will be 
combined. 

To maintain accuracy and reduce the computational cost, ANSYS 
ICEM is used to generate structured hexahedral grids, as shown in Fig. 6. 
The computational domain is split into blocks using the O-grid method, 
and extra blocks are deleted to create a multi-block partition. The hex
ahedral meshes have larger edge lengths in the z-direction because it is 
much larger than the x- and y-directions, and this reduces the compu
tational cost to a proper level. The meshes between the interface and the 
wall of the guide tube and the wall of the control rod are set to four 
layers. The mesh around the cylinder is set to 80. 

4.3. Computational settings 

The simulation is conducted under an ambient pressure of one at
mosphere and a temperature of 20℃. Under those conditions, the den
sity of water is 998 kg/m3 and the dynamic viscosity of water is 
1.003×10− 3 kg/(m2⋅s), while those of air are 1.225 kg/m3 and 
1.7894×10− 5 kg/(m2⋅s), respectively. The boundary condition of the 
outlet of the fluid domain is set as the pressure outlet, and the gauge 
pressure is 0 Pa. The initial speed of the control rod is set at 0 m/s. All the 
solid walls are set to no slip and no penetration. 

The finite volume method (FVM) is used to discretize the fluid 

Fig. 11. Displacement time histories of control rod drop with different 
blockage ratios under center alignment state for acrylic rod. 

Fig. 12. Velocities of control rod drop with different blockage ratios under 
center alignment state for acrylic rod. 

Fig. 13. Accelerations of control rod drop with different blockage ratios under 
center alignment state for acrylic rod. 
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computational control equations and transform the partial differential 
equations into algebraic equations, which are solved using the Semi- 
Implicit Method for Pressure Linked Equations (SIMPLE) algorithm. A 
two-phase flow model, which solves the flow in the air and water 
simultaneously is employed in the present study. As aforementioned in 
section 4.1, the VOF method is used to track the free surface. The 
standard format is selected as the pressure interpolation format. The 
Geo-Reconstruct method in Ansys Fluent is selected as the interpolation 
format of volume fraction. The second-order upwind format is selected 
as the interpolation format for momentum, turbulent kinetic energy, and 
turbulent dissipation rate. 

The temporal discretization is set to be first-order. When the 
blockage ratios are 0.50 and 0.67, a fixed time step is used, and the time 
step is 1×10− 4 s. With the increase of blockage ratio, the calculation 
time increases. To improve the numerical efficiency, the adaptive time 
step method is applied for blockage ratios of 0.83 and 0.91 with the 
maximum Courant number is 2. The initial time step is 1×10− 5 s, while 
the minimum time step is 1×10− 6 s, and the maximum time step is set to 
1×10− 4 s. The minimum and maximum time step change factors are 0.8 
and 1.2, respectively. 

4.4. Grid independence study 

In order to analyze the grid sensitivity in this study, four grid division 
forms of different sizes (see Table 2) were carried out for α = 0.50 and β 
= 0. It should be noted that the mesh size of the cylindrical section is 
unchanged, and the mesh size of the longitudinal section is changed. The 

displacement time histories for the acrylic rod with four different grid 
sizes are shown in Fig. 7. At different grid sizes, the displacement time 
history is consistent, and drop time deviation is less than 1 %, which 
indicates that the current model mesh setup of M3 is sufficiently refined 
for the present analyses. In this study, a grid size of 4.0 mm was selected 
for the next control rod drop analysis. 

4.5. CFD simulation conditions 

CFD simulations are carried out for the acrylic rod, and the simula
tion conditions are summarized in Table 3. Consistent with the theo
retical model calculation and physical model experiment conditions, the 
blockage ratios were set to 0.50, 0.67, 0.83, and 0.91 (r = 50 mm, R =
100 mm, 75 mm, 60 mm, and 55 mm). However, due to the difficulties 
in the CFD simulations for the meshes in the small gap between the 
control rod and the guide tube, the eccentricities were set to 0 and 0.9. 
The maximum eccentricity (β = 0.9) is slightly smaller than that in 
theoretical model calculation and physical model experiment (β = 1.0). 

5. Results and discussions 

5.1. Validation of the CFD simulation 

The CFD model is validated by comparing the present model pre
dictions with the experimental measurements, as shown in Fig. 8. It 
should be noted that, the eccentricity β is equal to 0.9 in the CFD 
simulation, whereas it is 1.0 in the experiment for eccentric state (see 

Fig. 14. Comparisons of displacement time history between concentrically located control rod and eccentrically ones for the acrylic rod.  

J. Liu et al.                                                                                                                                                                                                                                       



Nuclear Engineering and Design 415 (2023) 112744

13

Fig. 8(b)), but subsequent results show that such a small deviation be
tween the eccentricity has little impact on control rod drop (see Fig. 9). 
It can be seen from Fig. 8 that the present numerical results agree well 
with the experiment results with respect to both center alignment state 
and eccentric state; the CFD model is applicable and effective for 
eccentric rod drop simulation. Further, we can improve the upward 
annular gap flow velocity vw in the theoretical model using the CFD 
simulation results. 

5.2. Modification of the theoretical model 

As aforementioned in section 2.2, the upward annular gap flow ve
locity (vw) of fluid should be determined by inverse calculation ac
cording to the CFD simulation results and the physical model experiment 
results. The displacement time histories, the velocity, acceleration, and 
hydrodynamic characteristics of the control rod can be extracted from 
the CFD simulation results. Substituting the displacement y, the velocity 
dy
dt , and the acceleration d

2y
dt2 into Equation (19), the upward annular gap 

flow velocity can be calculated according to the CFD simulation results, 
and the annular gap flow velocity correction coefficients (γ) for the 
acrylic rod are summarized in Table 4. 

Fig. 9 shows the comparisons of displacement time history among 
theoretical calculations, physical model experiments and CFD simula
tions after the modification of the theoretical model for the acrylic rod. It 
can be seen that the displacement time histories obtained from different 

methods are almost identical. Thus, the present study can provide a 
general analysis method for eccentric drop of a control rod in the guide 
tube with annular gap flow. Following this method, we can obtain the 
drop time, velocity, acceleration, and hydrodynamic characteristic, and 
the eccentricity effect on control rod drop could be investigated. 

Fig. 10 shows consistency of the hydrodynamic characteristic of the 
control rod between theoretical calculations and CFD simulations after 
the modification of the theoretical model for the acrylic rod. Note that, 
the force F showing in Fig. 10 is the sum of the buoyancy, fluid inertia 
force, viscous friction drag, and pressure drag (see section 2.1, Eq. (1)) 
acting on the control rod. The gravity of the control rod is 36.9 N. 

5.3. Effects of blockage ratio on rod drop process 

Fig. 11 gives the theoretical calculation results of the displacement 
time histories of control rod drop with different blockage ratios under 
center alignment state for the acrylic rod. It can be seen that with the 
increase of blockage ratio, the time of dropping increases drastically, 
especially when the blockage ratio increases from 0.83 to 0.91. This is 
mainly because the viscous friction drag which is proportional to the 
square of the relative velocity v between the control rod and the fluid 
flow increases significantly with the increase of blockage ratio (compare 
Fig. 17(a, c, e and g)). 

The theoretical calculation results of velocities of control rod drop 
(dy/dt) with different blockage ratios under center alignment state for 

Fig. 15. Comparisons of displacement time history between concentrically located control rod and eccentrically ones for stainless steel rod.  
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the acrylic rod are given in Fig. 12. As indicated by Fig. 12, the velocity 
of control rod drop increases rapidly at the initial stage under the action 
of gravity; thereafter with the drop the forces on the control rod reached 
equilibrium and the velocity reached its maximum; with the continu
ously dropping of the control rod, the buoyancy, viscous friction drag, 
and pressure drag continue to increase and upward force is greater than 
gravity (see Fig. 10(a, c, e and g)) and the velocity decreases. The 
maximum velocity of control rod drop decreases markedly with the in
crease of blockage ratio. 

Fig. 13 shows the theoretical calculation results of accelerations of 
control rod drop with different blockage ratios under center alignment 
state for the acrylic rod. It can be seen that the acceleration decreases 
quickly with the dropping of the control rod, and enters into the 
deceleration dropping stage (i.e., the acceleration is negative) in the end 
for all blockage ratios. The acceleration decreases faster for greater 
blockage ratios. But for blockage ratio α = 0.83 and 0.91, the acceler
ation gradually recovers from negative to 0, as the viscous friction drag 
and pressure drag decrease (see Fig. 17(e and g)) with the decrease of 

Fig. 16. Comparisons of velocity and acceleration between concentrically located control rod (a, c, e, g) and eccentrically located ones (b, d, f, h) for acrylic rod with 
different blockage ratios. 
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the velocity (see Fig. 12), and the forces on the control rod tends to 
balance (see Fig. 10(e and g)). 

5.4. Effects of eccentricity on rod drop process 

In this section, the eccentricity effect on control rod drop was eval
uated. The comparisons of displacement time history between concen
trically located control rod and eccentrically ones for the acrylic rod 
obtained from physical model experiment are presented in Fig. 14. It can 
be seen that, when the blockage ratio is relatively small (e.g., α < 0.83), 
the eccentricity effect on drop time is negligible (see Fig. 14(a and b)), 
the displacement time history curve of β = 1.0 coincide with that of 
center alignment state (β = 0). Nevertheless, for large blockage ratio (α 
≥ 0.83), the drop time increases significantly for eccentric rod drop. For 
α = 0.83, the drop time for β = 1.0 increases 13.8 % than that of β =
0 (see Fig. 14(c)); and for larger blockage ratio α = 0.91, the drop time 
for β = 1.0 increases 22.6 % than that of β = 0 (see Fig. 14(d)). This is 
mainly because the eccentricity effect will increase the upward annular 
gap flow velocity (see Table 4) and resulting an increase of the viscous 
friction drag and pressure drag (see Fig. 17). 

To investigate the influence of the gravity of the control rod, we 
replace the acrylic rod with a stainless steel one, of which the weight are 
6.5 times heavier. The comparisons of displacement time history be
tween concentrically located control rod and eccentrically ones for 
stainless steel rod obtained from physical model experiment are pre
sented in Fig. 15. The same, when the blockage ratio is relatively small 
(e.g., α < 0.83), the eccentricity effect on drop time is negligible (see 
Fig. 15(a and b)), the displacement time history curve of β = 1.0 coincide 
with that of center alignment state (β = 0). Nevertheless, for large 
blockage ratio (α ≥ 0.83), the drop time increases significantly for 
eccentric rod drop (see Fig. 15(c and d)). The difference is that the ec
centricity effect is slightly weaker for a heavier control rod than that of a 
lighter control rod. For blockage ratio α = 0.91, the drop time for β = 1.0 
increases 18.1 % than that of β = 0 (see Fig. 15(d)). This is mainly due to 
the gravity of the control rod which contributes to the driving force is 
dominant under this condition compared with the resistance force. 

Fig. 16 shows the comparisons of velocity and acceleration between 
concentrically located control rod and the eccentrically located ones for 
the acrylic rod with different blockage ratios obtained from theoretical 
calculation. Overall, the drop velocity of eccentric state is smaller than 
that of concentrically located ones for all blockage ratios. For α < 0.83 
(see Fig. 16(a – d)), the increase of added mass (see Fig. 3) and corre
sponding fluid inertia force (see Fig. 17(a – d)) is the main cause, and 
this effect is relatively weak due to the fluid inertia force is beneficial for 
dropping during the deceleration stage; moreover, for α ≥ 0.83 (see 
Fig. 16(e – h)), the increase of upward annular gap flow velocity (see 

Table 4) resulting in an increase of corresponding viscous friction drag 
and pressure drag (see Fig. 17(e – h)) is the main cause, and this effect is 
relatively significant. 

5.5. Hydrodynamic characteristics 

Fig. 17 gives the comparisons of the forces acting on the control rod 
between the concentrically located control rod and the eccentrically 
located ones for the acrylic rod with different blockage ratios obtained 
from theoretical calculation. As aforementioned in section 5.4, for α <
0.83 (see Fig. 17(a – d)), the increase of added mass will result in 
increased fluid inertia force for eccentric rod drop; and for α ≥ 0.83 (see 
Fig. 17(e – h)), the viscous friction drag and pressure drag will increase 
due to the increase of upward annular gap flow velocity for eccentric rod 
drop. 

6. Conclusions 

In this study, we proposed a theoretical model for computing the 
drop time of eccentric rod by considering added mass and the annular 
gap flow of fluid. To correct the upward annular gap flow velocity in the 
proposed model, we performed full-scale computational fluid simula
tions by using dynamic mesh technique. For validation, we designed an 
experimental device to realize the annular gap flow. With the help of 
above analysis method, we investigated analytically the eccentricity 
effect on the control rod drop time, velocity, acceleration, and the hy
drodynamic characteristics. Conclusions are listed as follows.  

1. The upward annular gap flow velocity correction coefficients in the 
proposed theoretical model were obtained from full-scale CFD sim
ulations with respect to various values of the blockage ratio and the 
eccentricity. Thus, the present study provides a general method for 
eccentric rod drop analysis.  

2. The drop time increases drastically with the increase of blockage 
ratio for the concentrically located control rod, especially when the 
blockage ratio increases from 0.83 to 0.91. 

3. When the blockage ratio is relatively small (e.g., α < 0.83), the ec
centricity effect on drop time is negligible. Nevertheless, for large 
blockage ratio (α ≥ 0.83), the drop time increases significantly for 
eccentric rod drop, especially for a lighter control rod. 

4. The direction of the inertial force of the fluid is opposite to the di
rection of the control rod’s acceleration. Thus, the fluid inertia force 
prevents the control rod drop during the acceleration stage, while it 
is beneficial for dropping during the deceleration stage. 

Fig. 16. (continued). 
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Fig. 17. Comparisons of forces acting on control rod between concentrically located control rod (a, c, e, g) and eccentrically located ones (b, d, f, h) for acrylic rod 
with different blockage ratios. 
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